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 ? 
???????? piRNA 
???????????????????????????????????
??????????????  (Slotkin and Martienssen, 2007; Malone and 
Hannon, 2009)?????????????????????????????
???????????????????????????????????
???????????????????????????????????
???????????????????????????????????
???????????????????????????????????
???????????????????????????????????
??????? (Klattenhoff and Theurkauf, 2008; Ghildiyal and Zamore, 2009; 
Malone and Hannon, 2009)???????????????????????PIWI
??????????????? RNA ???????????PIWI ????
???????????? PIWI-interacting RNA (piRNA)????? 23–30??
?????? RNA??? (Klattenhoff and Theurkauf, 2008; Ghildiyal and Zamore, 
2009; Malone and Hannon, 2009)?PIWI?????? piRNA?????????
????? piRNA pathway???????????????????????
??????Grimson et al., 2008; Siomi et al., 2011?? 
 
piRNA pathway?????????????????????????????
?????????????? (Carmell et al., 2007)????????????
????????????? (Kalmykova et al., 2005; Vagin et al., 2006)????
????????? (Malone et al., 2009)?????PIWI??????????
 ? 
????????????????P-element induced wimpy testis (piwi)????
?????????????????????????????? (Lin and 
Spradling. 1997)?????????????????????????????
???????????????????????????? P ??????
?????? P ?????????????? F1 ?????????????
????? hybrid dysgenesis?????P?????????????????
?? piRNA? P????????????????????????? P??
??????????????????????? (Malone and Hannon. 2009; 
Khurana et al., 2011)?????PIWI????????????????????
????????????????????????????????Klenov 
et al., 2011?? 
 
piRNA???? 
piRNA????????primary piRNA pathway? secondary piRNA?ping–pong?
pathway?????????????? 0.1, 2??primary piRNA? 1???? U
????1U?piRNA???????ping–pong piRNA? 1U piRNA??????
10??????????????? piRNA?10A piRNA???????Aravin et 
al., 2006; Girard et al., 2006; Vagin et al., 2006; Brennecke et al., 2007; Gunawardane 
et al., 2007; Aravin et al., 2008???????????????????????
?????????????????????????primary piRNA pathway
??? somatic follicle cell?????ping–pong pathway? germline cell????
?????????????? (Malone et al., 2009)????????????
 ? 
???????????????????????????????????
?? 
 
primary piRNA pathway????piRNA?????? 0.1? 
primary piRNA pathway??????piRNA cluster?????????????
???????????????????? RNA ? piRNA ???????
?Brennecke et al. 2007??primary piRNA pathway????? piRNA cluster???
?????????????flamenco (flam)????? piRNA cluster??? (Li 
et al. 2013)?flam???????????????? antisence????????
?????flam ?????? RNA ??????? piRNA ?????????
??? antisense??????????? (Prud’homme et al., 1995; Brennecke et 
al., 2007; Zanni et al., 2013)????flam?????????flam????? cis
???????????????Yb body?????????????????
??????????Murota et al., 2014; Ishizu et al., 2015??Yb body???fs(1)Yb 
(Yb)? Armitage (Armi)?Vreteno (Vret)?Shutdown (Shu)??? Sister of Yb???
? piRNA pathway?????????????? (Saito et al., 2010; Olivieri et al., 
2010; Zamparini et al., 2011; Handler et al., 2011; Qi et al., 2011; Preall et al., 2012)?
Yb body ???????????????? Minotaur (Mino)? CG2183/ GasZ 
(GasZ)???? piRNA pathway ??????????? (Handler et al., 2013; 
Vagin et al., 2013; Zhan et a., 2016)??????Yb body? primary piRNA???
?????????????? 
 
 ? 
Yb body???? primary piRNA????Zucchini/MitoPLD (Zuc)???????
??????????????flam????? piRNA???????????
??????(Pane et al., 2007; Haase et al., 2010; Ipsaro et al. 2012; Nishimasu et al. 
2012)??????? RNA??? 5!??? U?????????PIWI????
???????? Piwi?????????? (Kawaoka et al., 2011a; Cora et al. 
2014; Matsumoto et al., 2016)??????????????????PIWI???
???????? RNA ??? 3!??????? piRNA ? 5!????????
?????? Zuc????????????piRNA??????? ?Ipsaro et al. 
2012; Nishimasu et al. 2012; Han et al. 2015; Mohn et al. 2015; Homolka et al. 2015??
?????????????????????? piRNA? 3!??? Zuc???
????????Papi/Tdrkh (Papi)? Trimmer ??????????????
?? 3!–5! endonuclease????????????Honda et al., 2013; Kawaoka et 
al. 2011a; Izumi et al. 2016; Tang et al. 2016?????? piRNA? 3!????Hen1
????????????????????? 2!-O-methyl ????????
piRNA??? ?Horwich et al. 2007; Kamminga et al. 2010; Kirino and Mourelatos 
2007; Saito et al. 2007?? 
 
Yb body????????? primary piRNA? Piwi?????????????
???????????????????????????????????
?????????????????????Klenov et al., 2011; Sienski et al., 
2012; Le Thomas et al., 2013; Wang et al., 2011; Huang et al., 2013???????
primary piRNA? Piwi???????????????? RNA???????
 ?? 
??? mRNA?????????????????????????????
????Silencio/Panoramix/CG9754 (Silencio)? Asterix/DmGTSF1 (Asterix)?
Maelstrom (Mael)??????????????? Piwi ???????
Heterochromatin protein 1 a (HP1a)? SET domain bifurcated 1 (SetDB1)?Suppressor 
of variegation 3-9 (Su(var)3–9)?Histone H1?????????????????
???????????????????????????????????
????????????Brower-Toland et al., 2007; Rangan et al., 2011; Ohtani et 
al., 2013; Muerdter et al., 2013; Donertas et al., 2013; Czech et al., 2013; Yu et al., 
2015; Sienski et al., 2015; Iwasaki et al., 2016??????Mael????? H3? 9
????????????????H3K9me3???????????????
????????????????????????????????Sienski 
et al., 2012??????????????????????????????? 
 
ping–pong pathway????piRNA?????? 0.2? 
piRNA ????????????????????????????????
??????ping?pong pathway????? piRNA?????????????
???????? (Brennecke et al. 2007; Gunawardane et al. 2007; Malone et al. 
2009; Li et al. 2009)???????????????? 42AB????? piRNA 
cluster ???? ping?pong pathway?????????42AB piRNA cluster??
???????primary piRNA pathway??? ping–pong piRNA pathway????
??????? piRNA?????? (Malone et al., 2009)?????flam???
???42AB piRNA cluster????sense??? antisense??????????
 ?? 
?????????? Rhino/HP1d (Rhino)? THO/TREX (transcription/export) 
complex????????? (Klattenhoff et al., 2009; Hur et al., 2016)?????
???????????????????????????????????
???Rhino? Deadlock (Del)?Cutoff (Cuff)????42AB piRNA cluster ???
?? H3K9me3???????42AB piRNA cluster?????????? (Mohn 
et al., 2014)????????????????Rhino?Cuff??? UAP56???
??alternative splicing ? RNA polymerase II (PolII)? termination ?????
?Zhang et al., 2014; Chen et al., 2016??????ping–pong piRNA???????
??????????????????UAP56? 42AB piRNA cluster????
?????????????????Zhang et al., 2012?? 
 
ping–pong piRNA pathway????????????????????????
?(Lim and Kai, 2007)???????????PIWI??????Aubergene (Aub)
?Argonaute3 (Ago3)???????ping–pong pathway??????PIWI???
???????piRNA????????????  (Brennecke et al., 2007; 
Gunawardane et al., 2007; Li et al., 2009)????Aub–1U piRNA?????piRNA
???????????????mRNA?????piRNA?5? ???10???
?11???????????mRNA????? (Ma et al., 2004; Ma et al., 2005; 
Yuan et al., 2005; Brennecke et al. 2007; Gunawardane et al. 2007; Wang et al., 2008; 
Wang et al., 2009b)???????????????mRNA?3? ?RNA???
Ago3??????????piRNA???????????1U piRNA?1U???
???????10????A?10A???????Ago3–10A piRNA?????
 ?? 
??????Ago3–10A piRNA??????????????????mRNA?
????????Aub?1U ping?pong piRNA????????????????
????????????1U piRNA?10A piRNA?????????????
?????1U?10A?????piRNA??????ping?pong pair??????
??piRNA???????????????????????piRNA?ping?pong 
pathway????????????????????? (Brennecke et al. 2007; 
Gunawardane et al. 2007)??????piRNA?PIWI??????RNA?????
?????ping–pong pathway??????????????????????
??????????????????????????????? ?Houwing 
et al., 2007; Brennecke et al. 2007; Aravin et al. 2008; Houwing et al. 2008; Grimson et 
al. 2008; Kawaoka et al. 2009; De Fazio et al., 2011?? 
 
???????Vasa?????ping–pong piRNA pathway??????????
??? (Liang et al., 1994)?Vasa?????????????????????
???????????????????????????????????
???????? (Lasko et al., 1988; Schupbach and Wieschaus, 1986; Malone et 
al., 2009; Kuramochi-Miyagawa et al., 2010)???????????Vasa????
??mRNA???????????Qin/Kumo (Qin)?Aub?Ago3???Amplifier
????????????ping–pong piRNA???????????(Xiol et al., 
2014)? ???????????Qin?Krimper?????????Aub?Ago3
?????????????Aub??????RNA?Ago3?????????
?????? (Xiol et al., 2014; Nishida et al., 2015; Sato et al., 2015; Webster et al., 
 ?? 
2015) ?????Qin????ping–pong??????????????Qin??
???????????Ago3????????piRNA?Aub?????????
???homotipic?ping–pong?????(Zhang et al., 2011; Anand and Kai 2012)?
???Krimper????????????Ago3?????????piRNA???
??piRNA (Aub piRNA)??????????Aub?Ago3??????????
ping–pong pathway??????????????????? (Sato et al., 2015; 
Webster et al., 2015)? 
 
???? piRNA? 3!????ping–pong parhway????? Trimmer?????
???????????? (Kawaoka et al. 2011; Izumi et al. 2016)????Trimmer
?????????????????????????PIWI????????
Slicer ?????? 5!??? 3? ????????? piRNA ????????
Nibbler (Nbr)? Trimmer????????????? 3? ??????????
????????? (Feltzin et al., 2015; Hayashi et al., 2016; Wang et al., 2016)? 
 
????? piRNA? ping?pong pathway??????????????????
?????????????????????????????????? ping
?pong pathway?????????????????????????????
??????????????????????????????????
piRNA cluster??????????????????ping–pong piRNA?de novo
???????????????? (Kawaoka et al. 2012; Muerdter et al. 2012; 
Yamamoto et al. 2013)???????? piRNA–PIWI????????????
 ?? 
???????????????????????ping–pong piRNA?????
????????? (Xiol et al. 2014; Mohn et al. 2015; Homolka et al. 2015)???
????????????ping?pong ???????????????????
???????????????????????????????????
????????????? piRNA ???????????????? 
(Muerdter et al. 2012; Kawaoka et al. 2012; Yamamoto et al. 2013; Xiol et al. 2014; 
Itou et al. 2015; Shoji and Katsuma 2015; Kuramochi-Miyagawa and Nakano 2015)??
??piRNA ????????????????????????? piRNA ??
???????????????????????????????????
? piRNA?PIWI ????????????????????????????
?????? (Xiol et al. 2014; Nishida et al. 2015; Mohn et al. 2015; Homolka et al. 
2015)?????????ping?pong pathway????????????????
????????????????????????? 
 
??????? BmN4?? 
??????????????? BmN4????piRNA??????????
?????????????????Vasa ??????????????
BmVasa-like gene (BmVLG)?????????????????????(Cao et 
al., 2011)?silkworm Piwi (Siwi; Aub?????)? BmAgo3 (Ago3?????)?
??? PIWI ??????????????? piRNA ???????????
???(Kawaoka et al., 2009)????????BmN4????????????
??? OSC ?????? piRNA ???????????????????? 
 ?? 
(Ovarian Somatic Cell: OSC; Niki et al., 2006; Saito et al., 2009; Lau et al., 2009; 
Kawaoka et al., 2009)????BmN4??? ping–pong pathway????????
?????????????ping–pong piRNA pathway???????????
????? (Izumi et al., 2013; Xiol et al. 2014; Nishida et al., 2015; Homolka et al. 
2015)?OSC????? ping–pong piRNA pathway???????????lethal (3) 
malignant brain tumor (l(3)mbt)?????? ping–pong piRNA pathway?????
???????????Sumiyoshi et al., 2016?????????? BmN4???
piRNA????????????????????????? 
 
??????? piRNA?? 
BmN4??????????????????? piRNA??????????
???????????????????? piRNA????????????
PIWI???????????PIWI????????????????????
?Piwi?Aub?Ago3?????????????????Siwi?BmAgo3???
????? (Kawaoka et al., 2009)????????? piRNA? 3? ?????
?????????????????piRNA ???????????????
???????????????????????????????????
???? primary pathway ? secondary pathway ?????????????
piRNA??????????????????????piRNA cluster????
???????????????????????????????????
????? piRNA???????????????????????????
??????? primary piRNA????? piRNA?????????????
 ?? 
?? piRNA????????????????????????????? 
 
??????????????BmN4????????? ping–pong piRNA??
??????ping–pong pathway?????????????????????
?????????????????????????????? piRNA??
????????????????????????????????BmN4
?????????????????????piRNA ???????????
???????????????????????????????????
BmN4??????? piRNA?????????? 
?????????? ??????????????????????
???
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???????? piRNA??? 
?????????????????????W??????????????
???????????????????? (?? 1933)??????W???
??????????????? Feminizer (Fem)?????????????
???????W???????????????????????????
???????????????????????????????? (Abe et 
al., 1998; Abe et al., 2000)???????????????????????W
?????????????????????????? Fem ???????
???????????????????????????????????
????????????? Fem ????????????????????
??????????????????????????????? Fem ??
???????????????????????????????????
???? 
 
???????????????????????????????????
????????????????????????  (Single Nucleotide 
Polymorphisms?SNPs)???????2011????SNPs??????????
???????? piRNA????W???????????????(Kawaoka 
et al., 2011c)?????W????????????????????????
???W??????????????? piRNA??????????????
 ?? 
W????????????????? piRNA??????????????
???? (Kawaoka et al., 2011c)??????????????? piRNA???
??????????? 
 
2014 ???????????????? W ??????????????
piRNA??? Fem piRNA?????? (Kiuchi et al. 2014)??? Fem piRNA?
???? piRNA????? PIWI??????????? Siwi???????
Fem piRNA?Siwi????????Masculinizer (Masc)????????????
?????????????????????? Masc mRNA??? RNA??
? BmAgo3??????????? Masc mRNA??? piRNA???????
Masc ???????????????????????Fem piRNA?Siwi ??
???? Masc mRNA??????????????????????????
??? (Kiuchi et al. 2014)??????Fem piRNA? Masc piRNA??????
????? PIWI???????? Siwi? BmAgo3????????????
??10????????????????????????piRNA?ping?pong 
pathway?????????????????????? (Kiuchi et al. 2014)?
Fem ?????W??????????????????Fem????? Fem 
piRNA??????????? (Kiuchi et al. 2014)?????Masc? Z???
?????????????????????????????????
piRNA???????Fem piRNA? Masc piRNA?????????????
???????? piRNA ? BmN4 ????????????? (Kiuchi et al. 
2014)? 
 ?? 
 
???????????????? Fem?Masc piRNA???????????
? piRNA???????????????????????????????
???????????????????????????????????
??????????????????? piRNA?????????????
?????????????ping?pong piRNA pathway???????????
??????????????????? ping?pong pathway????????
??????????????? 
 ?? 
????? 
 
piRNA???????????????? 
piRNA?????? 1.1–5, 22–23, 30–31???????????Fem piRNA?
?? Masc piRNA????????????????????????????
??????????????????????? piRNA????????20
???? 1??????????????????????? 1.1??????
???????????FASMAC??100 mM???? forward?reverse?? 3 "l
?? 194 "l?????????????10 mM Tris, pH 7.5, 50 mM NaCl, 1 mM 
EDTA??????95??????????????????????????
??????????BamHI? HindIII????? pIEX-4 (Novagen)?????
?????? 
 
BmN4?????????????? 
???????? BmN4????????????? 10%???? IPL-41?? 
(AppliChem)???? 27????????BmN4??????????????
?? X-tremeGENE HP (Roche)?????????????????? 3???
???? Trizol reagent (Invitrogen)???? total RNA?????? 
 
Small RNA???????? 
Total RNA? TRIzol reagent (Invitrogen)?????????????????10 
"g ? total RNA ????????????????????????????
 ?? 
?????????DynaMarker® Small RNA ? (????????????)?
???? 
 
40% ??????? 9.3 ml 
5# TBE 2.5 ml 
DW 3.75 ml  
Urea 10.5 g 
10% APS 40 "l 
TEMED 20 "l 
100 V  1?? 
 
?????????????? SYBR Gold (Thermo Scientific)????????
????20–30 nt ???? small RNA ???????Small RNA ??? ZR 
small-RNA™ PAGE Recovery Kit (ZYMO research)??????????????
??????????? small RNA??? Small RNA cloning kit (TaKaRa)???
????????????? small RNA??????????? 
Small RNA-seq ????????????????????????????
???????????? Illumina HiSeq 2500??????????? 
 
Small RNA???????? 
??? Illumina HiSeq 2500???????????????? 36??????
???????????3!??????? 2????????????????
 ?? 
????23–32 ???? N ??????????????????Small RNA
?????????? (International Silkworm Genome Consortium. 2008) ???
? 1,811 ????????????? (Osanai-Futahashi et al. 2008)????
bowtie (version 1.1.2 ) (Langmead et al. 2009)??????????????1??
???????????????????? mapping rate ?????1811 ??
???????????? mapping rate ?????????????????
?????Sam ?????? bam ?????????? SAMtools (version 
0.1.18 )(Li et al., 2009)?????bam ?????? bed ??????????
BEDtools (version 2.14.2)(Quinlan and Hall. 2010)??????? piRNA? 5!??
??? 3!????????????????? bed ?????????? R ?
???????????????????????????????????
??????????????????? 
 
Siwi??? BmAgo3????? piRNA?????  
Siwi??? BmAgo3????? piRNA??? Siwi?????? BmAgo3?? 
(Kawaoka et al., 2009)??????????????????????? piRNA
? TRIzol reagent (Invitrogen)???????????????????? Small 
RNA?????????????? 
 
Modified 5? rapid amplification of cDNA ends (RACE) 
?????mRNA??? 5!??????????5!RACE??? (Watanabe et al., 
2011)???????????GeneRacer kit (Thermo Scientific)????????
 ?? 
?????CIP ????? TAP ?????????????????????
mRNA ???????????? cDNA ?????????? primer ?? 1.1
????? 
 
Total RNA????????? PCR 
Total RNA????????Reverse Transcriptase AMV (TaKaRa)???????
?????????????Oligo dT primer???????? 
 
MgCl2 2 "l 
10 x RT buffer 1 "l 
dNTPs 1 "l 
????? (2.5 pmol/"l) 0.5 "l 
RNase inhibitor 0.25 "l 
????? 0.5 "l 
Total RNA  400 ng 
RNase Free dH2O ?? 
Total 10 "l 
1. 30? 10? 
2. 50? 30? 
3. 95? 5? 
 
????????????? cDNA ? 10 ????????????????
 ?? 
PCR???????? KAPA SYBR Fast qPCR Kits (KAPA BIOSYSTEMS)???
???????????????????????????????????
?? PCR?? (Applied Biosystems Step One Plus)????? SYBR Green???
???????? 
 
2? Master mix 5 "l 
?????F (10 pmol/"l) 1 "l 
?????R (10 pmol/"l) 1 "l 
DW 2 "l 
Template 1 "l 
Total 10 "l 
 
????????????????rp49 ?????????????????
??????? 1.1????? 
 
small RNA??????????????? PCR 
small RNA? mirVana kit (Thermo scientific)????????????????
???small RNA????????miScript II RT Kit?Qiagen????????
???????????????? 
 
5x miScript HiFlex buffer 2 "l 
 ?? 
10x miScript Nucleics Mix 1 "l 
miScript Reverse Transcriptase Mix 1 "l 
Small RNA??? 75 ng 
RNase Free dH2O ?? 
Total 10 "l 
 
1. 37? 60 min 
2. 95? 5? 
 
??? RNA ????????????? cDNA ??25 ??????????
??????? miScript (Qiagen)??????? RT-qPCR?????PCR??
???? PCR?? (Applied Biosystems Step One Plus)?????????????
???????????? 
 
2x PCR mix 12.5 µl 
10x Universal Primer 2.5 µl 
piRNA Primer (10 pmol/µl) 2.5 µl 
Template 3 µl 
RNase Free dH2O 4.5 µl 
Total  25 "l 
 
 ?? 
1. 94? 15? 
2. 94? 15? 
3. 55? 30? 
4. 70? 30?: ??????? 
5. 2?4? 40????? 
 
???????????????? miRNA ??? let-7 ?????????
RT-qPCR??????????? 1.1????? 
 
???????????? 
??????? Deep sequence???? DDBJ? DRA004111???????? 
 
 ?? 
?? 
 
1. ?? piRNA?????? 
ping–pong ??????????????????????????????
BmN4?? (Kawaoka et al., 2009)????????? piRNA????????
??????????????????????????? piRNA?????
Fem piRNA?Masc piRNA????????? (Kiuchi et al., 2014; Katsuma et al., 
2014)?Fem piRNA? Siwi????????????Masc piRNA? BmAgo3?
??????????Kiuchi et al., 2014; ? 1.2??Fem piRNA? Siwi??????
Masc mRNA???????????Masc mRNA? 3!??????? BmAgo3
??????????? piRNA??? Masc piRNA?????????????
?? Siwi–piRNA??????????? BmAgo3–piRNA?????????
?????”ping”????????????????? 1.1??????Masc 
piRNA–BmAgo3 ?????Fem RNA ??????????????? 3!??
Fem RNA ??? Siwi ????????Fem piRNA ?????????
BmAgo3–piRNA????????????Siwi–piRNA???????????
???”pong”??????????????? 1.1?? 
 
??? piRNA??????????????????? piRNA???????
????????????piRNA??? (pre-piRNA-I)? Fem piRNA?????
???Masc mRNA ???????????????????????Fem 
piRNA–Siwi??????????????????????? 1.2, 1.3????
 ?? 
???????? piRNA??? piRNA-I???????????????? 1.2, 
1.3??pre-piRNA-I ????piRNA-I ????????? BmN4 ???????
?? Importin-5 mRNA ?????????????????????????
??????????? piRNA-I–BmAgo3???? Importin-5 mRNA????
?????????? piRNA??? piRNA-J??????????piRNA-J–Siwi
????????????????? 1.2, 1.3??????????? piRNA?
??????????”ping”??????Fem piRNA–Siwi?????????
? piRNA-I–BmAgo3 ?????????????? ”pong”?????
?piRNA-I–BmAgo3 ????????piRNA-J–Siwi ????????????
???????????????????????? ping–pong???????
??????????????? 
 
??????? negative control?????Fem piRNA?Siwi?????????
?????????????????? pre-piRNA-I-nc??????? 1.4, 1.5??
piRNA-I ???????? Importin-5 ??????????????????
piRNA-I ????????? piRNA ??????Importin-5 mRNA ?????
???????????? 1.4, 1.5?? 
 
2. Importin-5 mRNA????????? ping–pong piRNA??? 
2.1. Total piRNA??????????? 
BmN4???????pre-piRNA-I???? pre-piRNA-I-nc?????????
???????????????????? total piRNA??????????
 ?? 
?? 1.6; ? 1.3?????????????????????????????
27–28???????????????????? 1.7??????BmN4???
???????????? piRNA???????? (Kawaoka et al., 2009; Izumi 
et al., 2013)? 
 
???????????pre-piRNA-I-nc??????????????????
????? piRNA-I????????????????pre-piRNA-I?????
?????????????????? piRNA-I ?????????????
????? 1.8???????????????????????? pre-piRNA-I
????? Fem piRNA–Siwi????????????piRNA-I???????
????????????????????????? endogenous ? Masc 
piRNA ?????RPM?? 32.85 ?????????piRNA-I ? RPM ?? 60
??????????piRNA-I??????????????????????
?? 1.2; ? 1.8??????pre-piRNA-I??????????????????
???piRNA-J???????????????? 1.9????????????
???? piRNA-I–PIWI??????????????? Importin-5?????
?????? piRNA-J????????????????? 
 
2.2. IPed piRNA ??????????? 
?? piRNA????????piRNA????????????? PIWI???
?????????????????????pre-piRNA-I??? pre-piRNA-I-nc
????? BmN4 ?????? Siwi ??????? BmAgo3 ???????
 ?? 
Immuno-Precipitated (IPed) piRNA ???????????? 1.6??Siwi ???
BmAgo3????? piRNA????? 28??? 27????????????
????? 1.10????????BmN4??????????????????
??? (Izumi et al., 2013)???????????????? small RNA???
?????????????????Siwi?? piRNA? 1U????????
??BmAgo3?? piRNA??????????????????? 1.11–14??
???10A?????? BmAgo3?? piRNA???????????Siwi??
piRNA??????????????? 1.11–14??????Fem piRNA? Siwi-IP
?????????????Masc piRNA? BmAgo3????????????
???????? 1.2?????BmAgo3-IP ?????????? Masc piRNA
??????Total??????????????? 10–20?????????
???? 1.1?????????????? IPed??????????????
????????? 
 
?????? IPed?????????? piRNA-I??? piRNA-J??????
????? 1.15–16; ? 1.4??Total piRNA ???????????????
pre-piRNA-I????????????????? piRNA-I??? piRNA-J??
????PIWI?????????????????????????????
1.15–16; ? 1.4??BmAgo3-IP?????????? piRNA-I??????Total
??????????????? 50???????????????Siwi-IP?
????????? piRNA-J??????Total??????????????
??????????????????Endogenous? piRNA??? Masc piRNA
 ?? 
? Fem piRNA????????????? 1.2???????????????
??? piRNA???? PIWI????????????piRNA–PIWI?????
????????????????? 
 
2.3. ?? piRNA–PIWI??????????? mRNA??? 
????? piRNA??? piRNA-I–BmAgo3????????????????
Importin-5 mRNA?????????????????????total piRNA??
???? Importin-5??????????????????????? piRNA-I
? piRNA-J??? ping–pong signature??? 10??????????????
???????????? 5!????? piRNA???????????????
1.17?????????? piRNA? pre-piRNA-I??????????????
?????pre-piRNA-I-nc ???????????????????????
?? 1.18???? piRNA?????????????????????????
??? 1.2–5?? 
 
???5! RACE?????????Importin-5 mRNA????????????
????????????pre-piRNA-I????????????? BmN4??
?????????????? 12??????11??? piRNA-I??????
?????????? 1.19?????pre-piRNA-I-nc ????????????
????????????????????????????? 1.20?????
???piRNA-I–BmAgo3 ????????????????????????
????????????Importin-5 ?????? piRNA ?????????
 ?? 
? Importin-5 mRNA????????????RT-qPCR? Importin-5 mRNA?
??????????pre-piRNA-I-nc ?????????pre-piRNA-I ????
???? Importin-5 ? mRNA??????????????????????
???????????????? 1.21???????????????? piRNA
?????? mRNA??????????????????????????
???????????????????? 
 
3. ????????????????? piRNA????? 
3.1. Calcineurin mRNA??????????? ping–pong piRNA??? 
???Importin-5????? Calcineurin?????? piRNA????????
???????piRNA-I ?????????Fem piRNA ? 5!???????
Calcineurin mRNA????????????????????? PIWI????
?????????????????????????Wang et al., 2014????
??? mismatch?????????????? 1.22?????????????
??pre-piRNA-C-nc??????????????????? 1.23??????
?????????????????? BmN4???? RNA??????total 
piRNA ??????????????????????????piRNA ???
??????????????????? BmN4 ?????????????
?????? 1.24; ? 1.3?? 
 
??????????? piRNA-C??? piRNA-D?????????????
pre-piRNA-C ????? piRNA-C ?????????????? 1.25?????
 ?? 
Calcineurin mRNA?????? piRNA-D?????????????????
?????????? 1.26??????piRNA-C??? piRNA-D? 10????
??????????????????? 1.27?????negative control???
pre-piRNA-C-nc??????piRNA-C??? piRNA-D???????????
??? 1.28???? piRNA????????? Calcineurin mRNA??????
???????pre-piRNA-C???????????????????????
?? 1.29???????????piRNA-J ???????????????
Calcineurin ?????????????????????? mRNA ???
piRNA??????”ping”?“pong”????????????????????
?? 
 
3.2. Actin A3 mRNA??????????? ping–pong piRNA??? 
????????”ping”??“pong”???????????????????
?????”pong”??“ping”???????????????????????
????????????? Fem piRNA–Siwi ?????????Masc 
piRNA–BmAgo3???????????”ping”??????”pong”??????
?????????????? 1.30??????????? Actin A3 mRNA??
??????????? piRNA?????? pre-piRNA-A?????????
???????? 1.30?????nagative control?????????????Actin 
A3 ????????????? pre-piRNA-A-nc ?????? 1.31??????
????????? BmN4 ?????????????????????
piRNA ??????????piRNA ???????????????????
 ?? 
???????????? ?? 1.32; ? 1.3?? 
 
piRNA ????????????pre-piRNA-A ?????????????
piRNA-A????piRNA-B?????????? 1.33??Actin A3 mRNA???
?? piRNA-B? pre-piRNA-A-nc?????????????????????
??????? 1.34?????Actin A3 mRNA ?????? piRNA?????
?????????piRNA-A ??? piRNA-B ? 10 ????????????
piRNA ??????????????????????? 1.35–36??????
?? piRNA ????????? Actin A3 mRNA ?????????????
pre-piRNA-A ????????????????????????? 1.37???
?????”pong”??“ping”???????????????????????
????????????????????”ping?pong”??????????
????????????????? 
 
4. ?? ping?pong piRNA?????? 
4.1. ?????????? ping–pong site????? primary piRNA??? 
?????????????????????????????”phasing”??
??”phased” piRNA??????????????????phased piRNA ??
????Zucchini/MitoPLD?????????????? piRNA??????
????????? piRNA? 3!????????????? piRNA? 5!???
?????Han et al. 2015; Mohn et al. 2015; Homolka et al. 2015??BmN4????
??????? piRNA?????????????????????????
 ?? 
????”phased” piRNA? ping–pong???????????????Homolka 
et al., 2015????????????? Importin-5??????????????
piRNA??????????????? phased piRNA???????????
???????ping–pong ???? 40 ??????? U ? 5!???????
piRNA?????pre-piRNA-I??????????????????????
???? 1.38?????ping–pong??????????phased piRNA????
?????????? 1.17?????Calcineurin? Actin A3?????????
??? phased piRNA??????????????????? 1.27, 35?? 
 
4.2. piRNA–PIWI ??????????????????????? base 
pairing 
????????????????PIWI???????? piRNA??????
???????????5!??????? 22?????? base pairing????
??????????????Reuter et al., 2011???????????????
? ping–pong piRNA?????????? base pairing???????????
??????pre-piRNA-I ???????????? 15 ??????????
????????? 1.39????????? Importin-5???????????
??????????????????????????????? piRNA-J
???????????????? base pairing? piRNA–PIWI???????
??????????????????????????????pre-piRNA-I?
pre-piRNA-I-nc??????????? BmN4???????????????
?????????? small RNA???? RT-qPCR???????piRNA-J?
 ?? 
??????????????piRNA-J????????? 17??? base pairing
???????22??? base pairing????????? base pairing????
???????? piRNA-J??????????????? 1.40???????
??????????? ping–pong piRNA???? piRNA?????????
????????????????????????? 
 
 ?? 
?? 
 
1. BmN4???????? ping–pong piRNA?????? 
???????????????????????????????????
? piRNA cluster????????????????????????????
??????????????????????? strand? piRNA?????
??????????? (Kawaoka et al. 2012; Itou et al. 2015; Shoji and Katsuma 
2015; Kuramochi-Miyagawa and Nakano 2015)????????????????
? piRNA? ping–pong pathway????????? piRNA?????????
???????????????? piRNA????????????????
???????????? piRNA????????????????? piRNA
?????? Fem piRNA??? Masc piRNA?????????? piRNA??
??????????????????????”ping”???”pong”?????
????????????????????ping–pong???????????
??????????? 1. 41–42?????????????????????
??”ping”????”pong”????????????????????????
???????????? 
 
2. ?? piRNA??????????? mRNA????? 
???????????Importin-5 mRNA???piRNA-I??????????
??????????? 1.21?????Calcineurin? Actin A3 mRNA?????
? piRNA????????????????????????????? 1.29, 
 ?? 
37??piRNA-I? piRNA-C????????????????????? 1.8, 25??
piRNA–PIWI ?????????????????????????piRNA ?
???????????????????????????? (Kawaoka et al., 
2012; Itou et al., 2015)???????? antisense???? piRNA cluster?????
????????????????? piRNA???????????????
???? piRNA????????????????????????????
??????????????????????piRNA-C ? piRNA-I ????
????????????piRNA-D? piRNA-J??????????????
1.8–9, 25–26???????????? Siwi ??? piRNA ??? piRNA-D ?
piRNA-J ?????piRNA ???????????????????????
????piRNA-D??????? Calcineurin mRNA? piRNA???????
????????????????????????????? Calcineurin 
mRNA? Importin-5 mRNA??????piRNA??????????????
?????????????????? 
 
3. piRNA???????????????? 
???piRNA ?????????????????????????????
???????????????????????? (Vourekas et al., 2016)??
???? ping–pong piRNA?????????????? piRNA-J? RT-qPCR
????????????piRNA–PIWI???????????????????
Vourekas???????piRNA–PIWI????mRNA????????????
?????????????????????????? ping–pong piRNA ?
 ?? 
??????????? 5!???????????????????????
???????????????????????????????????
?????????????piRNA????????????? base pairing?
???????????????????????????????????
??????????????????? 
 
4. ?? piRNA?????????? 
piRNA ??????????? 1?26 nt ?????????????????
(RPM; reads par million mapped reads)? 1?????????????????
??????????????115,606?????????????Fem piRNA
?????? 2,106 ???????????piRNA-I ? piRNA-J ??????
3,904????? 9,310???????? 1.43????????????????
??????????? piRNA??????? piRNA???????????
??????????????????? piRNA?????????????
??? 
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? 1.1. ??????????? 
 
?????? ??????? (5'-3') ???? 
pre-piRNA-I F GATCCatggctttgtgaatcgacaAAAAGAGGTACAGCTCGTGTGCAGGCGGCA 
Plasmid 
construction 
pre-piRNA-I R AGCTTGCCGCCTGCACACGAGCTGTACCTCTTTTtgtcgattcacaaagccatG  
pre-piRNA-I-nc F GATCCtaccgaaacacttagctgtAAAAGAGGTACAGCTCGTGTGCAGGCGGCA  
pre-piRNA-I-nc R AGCTTGCCGCCTGCACACGAGCTGTACCTCTTTTacagctaagtgtttcggtaG  
pre-piRNA-C F GATCCatggctttgtgaatcgacaAAAAGAGGTTATCTTATGGTTAGGTGAGAA  
pre-piRNA-C R AGCTTTCTCACCTAACCATAAGATAACCTCTTTTtgtcgattcacaaagccatG  
pre-piRNA-C-nc F GATCCtaccgaaacacttagctgtAAAAGAGGTTATCTTATGGTTAGGTGAGAA  
pre-piRNA-C-nc R AGCTTTCTCACCTAACCATAAGATAACCTCTTTTacagctaagtgtttcggtaG  
pre-piRNA-A F GATCCgctgattttctttcattgtTACCTCTTTTGCTCTGTGCTTCGTCTCCTAA  
pre-piRNA-A R AGCTTTAGGAGACGAAGCACAGAGCAAAAGAGGTAacaatgaaagaaaatcagcG  
pre-piRNA-A-nc F GATCCcgactaaaagaaagtaacaTACCTCTTTTGCTCTGTGCTTCGTCTCCTAA  
pre-piRNA-A-nc R AGCTTTAGGAGACGAAGCACAGAGCAAAAGAGGTAtgttactttcttttagtcgG  
piRNA_I(10)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTAgtcgagcacgcgtccgccgA  
piRNA_I(10)_R AGCTTcggcggacgcgtgctcgacTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(11)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACtcgagcacgcgtccgccgA  
piRNA_I(11)_R AGCTTcggcggacgcgtgctcgaGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(12)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAcgagcacgcgtccgccgA  
piRNA_I(12)_R AGCTTcggcggacgcgtgctcgTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(13)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGgagcacgcgtccgccgA  
piRNA_I(13)_R AGCTTcggcggacgcgtgctcCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(14)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCagcacgcgtccgccgA  
piRNA_I(14)_R AGCTTcggcggacgcgtgctGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(15)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCTgcacgcgtccgccgA  
piRNA_I(15)_R AGCTTcggcggacgcgtgcAGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(16)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCTCcacgcgtccgccgA  
piRNA_I(16)_R AGCTTcggcggacgcgtgGAGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(17)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCTCGacgcgtccgccgA  
piRNA_I(17)_R AGCTTcggcggacgcgtCGAGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
 ?? 
piRNA_I(18)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCTCGTcgcgtccgccgA  
piRNA_I(18)_R AGCTTcggcggacgcgACGAGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(19)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCTCGTGgcgtccgccgA  
piRNA_I(19)_R AGCTTcggcggacgcCACGAGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(20)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCTCGTGCcgtccgccgA  
piRNA_I(20)_R AGCTTcggcggacgGCACGAGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(22)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCTCGTGCGCtccgccgA  
piRNA_I(22)_R AGCTTcggcggaGCGCACGAGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(24)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCTCGTGCGCAGcgccgA  
piRNA_I(24)_R AGCTTcggcgCTGCGCACGAGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(26)_F GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCTCGTGCGCAGGCccgA  
piRNA_I(26)_R AGCTTcggGCCTGCGCACGAGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
piRNA_I(28)_R GATCCATGGCTTTGTGAATCGACAAAAAGAGGTACAGCTCGTGCGCAGGCGGgA  
piRNA_I(28)_R AGCTTcCCGCCTGCGCACGAGCTGTACCTCTTTTTGTCGATTCACAAAGCCATG  
   
Importin-5 F AGGTCCTGCTTGTGTGAAGTATC qPCR 
Importin-5 R GACGGCAGATATAGCATTTTCAG 
qPCR / 
modified 
5'RACE 
Calcineurin F GGCTTAACTCCTACTGGTGCTTT qPCR 
Calcineurin R GGTTTCTTTTCTTGGGTATCAGG qPCR 
Actin F TAGTAGACAATGGCTCCGGTATG qPCR 
Actin R CTTCTCCATGTCATCCCAGTTAG qPCR 
Rp49 F GGTATTGACAACAGAGTCC qPCR 
Rp49 R ACCTTACGGAATCCATTTGG qPCR 
piRNA-J TACCTCTTTTGGCCGCCATTGT piRNA-qPCR 
let-7 TACTATACAACCTACTACCTCA  
  
 ?? 
? 1.2. ????????????? Fem piRNA?Masc piRNA???? 
 
? ? ? ? ? ? ? ? ? piRNA     
Library Fem piRNA Masc piRNA log2(Masc piRNA/Fem piRNA) 
pre-piRNA-I 101.23  32.85  -1.62 
pre-piRNA-I-nc 98.65  28.54  -1.79 
pre-piRNA-A 176.20  42.32  -2.06 
pre-piRNA-A-nc 268.79  60.03  -2.16 
pre-piRNA-C 180.27  59.35  -1.60 
pre-piRNA-C-nc 230.48  53.89  -2.10 
pre-piRNA-I (Siwi IP) 64.98  10.27  -2.66 
pre-piRNA-I-nc (Siwi IP) 62.66  6.35  -3.30 
pre-piRNA-I (BmAgo3 IP) 35.74  747.76  4.39 
pre-piRNA-I-nc (BmAgo3 IP) 26.98  233.60  3.11 
  
 ?? 
? 1.3. ??????? piRNA?????????? 
 
?  Total 
Mapped to 
transposons 
Transposon 
mapped rates 
(%) 
pre-piRNA-I 50000394 22404546 44.81 
pre-piRNA-I-nc 131510535 64539399 49.08 
pre-piRNA-A 190524097 77435231 40.64 
pre-piRNA-A-nc 132555748 54039352 40.77 
pre-piRNA-C 120327019 49115509 40.82 
pre-piRNA-C-nc 161139313 68564171 42.55 
pre-piRNA-I (Siwi IP) 129586543 35163039 27.13 
pre-piRNA-I-nc (Siwi IP) 84666369 27082361 31.99 
pre-piRNA-I (BmAgo3 IP) 55971555 20114792 35.94 
pre-piRNA-I-nc (BmAgo3 IP) 107743635 39622893 36.78 
 
 
Mapped to 
the genome 
(unique) 
Mapped to 
the genome 
(multi) 
Genome mapped 
rates (%) 
pre-piRNA-I 12494953 18894704 62.78 
pre-piRNA-I-nc 36267041 48002119 64.08 
pre-piRNA-A 50248075 63634028 59.77 
pre-piRNA-A-nc 33584066 42657064 57.52 
pre-piRNA-C 31564484 39248737 58.85 
pre-piRNA-C-nc 43310537 52640847 59.55 
pre-piRNA-I (Siwi IP) 25284581 27947138 41.08 
pre-piRNA-I-nc (Siwi IP) 18787725 20897963 46.87 
pre-piRNA-I (BmAgo3 IP) 14078448 14716772 51.45 
pre-piRNA-I-nc (BmAgo3 IP) 30224613 29008255 44.98 
 
 
 
 ?? 
? 1.4. ????????????? piRNA-I? piRNA-J????? 
 
                piRNA             
Library 
piRNA-I 
(Importin-5) piRNA-I piRNA-J 
pre-piRNA-I 1 1,363 439 
pre-piRNA-I-nc 0 26 5 
pre-piRNA-A 0 44 0 
pre-piRNA-A-nc 0 9 0 
pre-piRNA-C 0 18 1 
pre-piRNA-C-nc 0 6 0 
pre-piRNA-I (Siwi IP) 8 1,289 1,034 
pre-piRNA-I-nc (Siwi IP) 0 108 9 
pre-piRNA-I (BmAgo3 IP) 221 58,411 66 
pre-piRNA-I-nc (BmAgo3 IP) 0 263 18 
 
piRNA-I??????????? Importin-5????????????????
??? 1.3????“piRNA-I (Importin-5)”???????? Importin-5?????
??????????????????“piRNA-I”????pre-piRNA-I????
?????????????????? 
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?
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?
 
 ??? 
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???????????????????????????????????
???????????????????????????????????
???????????????????????????????????
???????????????????????????????????
???????????????????????????????????
???????????????????????????????????
???????????????????????????????????
????????????????????PIWI?????????????
?? RNA ???????????PIWI ????????????????
PIWI-interacting RNA (piRNA)????? 23–30???????? RNA????
PIWI?????? piRNA????????????? piRNA pathway?????
???????????????????????? 
 
??????????????? BmN4????piRNA??????????
????????????BmN4??? ping–pong pathway?????????
????????????ping–pong pathway???????????????
?????? ping–pong pathway??????10???????????? Siwi
????? 1U piRNA? BmAgo3????? 10A piRNA??????????
????????? 1U ? 10A ????? piRNA ?????? ping?pong pair
????????piRNA ???????????????????????
 ??? 
piRNA? ping?pong pathway???????????????????????
???????BmN4???????ping–pong pathway?????? piRNA?
???????????? 
 
1. ????????????? ping–pong piRNA??????????? 
??????????????????? ping–pong pathway????????
???????piRNA ?????????????????????????
?????????????? Fem piRNA??? Masc piRNA????????
???? ping–pong piRNA ???????????????????????
?? Fem piRNA–Siwi ????????????????? piRNA ???
?pre-piRNA-I???????????? piRNA?piRNA-I??????????
? piRNA-I? BmAgo3???????????? Importin-5 mRNA?????
???????????????????? piRNA ?piRNA-J???????
??? piRNA-J–Siwi ??????????????????Siwi ?? piRNA
???????? Siwi?? piRNA????? piRNA???????????
?????????????????????????ping–pong piRNA???
?????? 17??? base pairing???????22??? base pairing???
?????? base pairing???????????? piRNA-J????????
???????????????????????? ping?pong pathway???
???????????????????????????? ping?pong 
pathway??????????????????????? 
 
 ??? 
2. piRNA?????? piRNA locus???????? 
??? piRNA ???????????????????????????
piRNA locus?????????????? piRNA??????????????
5? ??? 1–22 ????????????????????????????
?????? mRNA??????????????????????????
???5? ??? 1–23???????????? piRNA???? piRNA locus
??????????????????????????? piRNA locus???
? piRNA????????????? piRNA?????ping–pong pair???
????????????????sense piRNA?antisense piRNA??????
?? Siwi?????????? piRNA??????Siwi–Siwi piRNA????
??? piRNA??????BmN4????? piRNA????????????
????????????????????? piRNA???????????
??????????????Siwi?Siwi piRNA???? 1U??? 10A???
???????????sense piRNA?antisense piRNA?????? 1U?? 10A
????????????????sense piRNA? Siwi??????? ping–pong 
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